A cryoselection protocol has been developed that provides freezing-tolerant callus that, in turn, can regenerate plants with enhanced cold hardiness. Tolerant calli were selected from spring wheat (Triticum aestivum L.) callus by immersion in liquid nitrogen without addition of cryoprotectants. Less than 15% of the calli survived the initial challenge, whereas 30 to 40% of previously selected calli survived subsequent exposure. Seed progeny from five of 11 regenerant (R2) lines tested exhibited significantly enhanced tolerance to freezing at -120C. Thus, cryoselection appears to involve at least in part, selection for genetic rather than epigenetic variants. Analysis of one callus line indicated that cryoselection did not induce significant alterations in lipid composition, adenylate energy charge, or freezing point. An increase in the soluble sugar component was detected. Changes were also detected in the protein complement of microsomal membrane and soluble protein extracts of cryoselected callus. In all, seven unique proteins ranging from 79 to 149 kilodaltons were identified. The results demonstrate that freezing tolerant callus can be isolated from a heterogeneous population by cryoselection, and factors that contribute to hardiness at the callus level are biologically stable and can contribute to tolerance at the whole plant level.
esses occur where extraorgan freezing and intracellular solute accumulation are important strategies for survival. Several reports indicate that, at least within a species, the relative water content of meristematic regions is an important factor in survival (6, 15) . Both factors limit the availability of freezable water and therefore, reduce the likelihood of intracellular ice formation.
It is clear that variability in response to freezing stress extends even to the level ofa single cell line (7) . As an extreme example, in a previous study from this laboratory, Chen and associates (4, 5) reported that 7.2% of Catharanthus roseus and 2.5% of Triticum aestivum suspension cells survived immersion in liquid nitrogen without the addition of cryoprotectants. From this observation it was speculated that severe freezing stress might be used to isolate freezing-tolerant variants from a heterogeneous population of cells.
The present investigation was undertaken to determine: the extent of survival of spring wheat callus following freezing in LN22 without the addition of cryoprotectants; the ability of such "cryoselected" callus to demonstrate enhanced LN2 freezing tolerance after a second challenge; the potential of the cryoselected callus to regenerate plants with enhanced (conventional) freezing tolerance; and the biochemical alterations, if any, that might correlate with survival.
Plant species exhibit varying degrees oftolerance to freezing stress. For example, while in temperate grasses the minimum temperature for survival is in the -15°to -30°C range, some woody species, in the fully hardened state, can survive immersion in liquid nitrogen (12) . This variability is also reflected in cell cultures for which lethal temperatures causing 50% death values ranging from -6°to -30°C have been reported (7) .
Efforts to improve tolerance to extreme freezing stress, particularly in areas where preservation of germplasm is of interest, have focused on preconditioning treatments that induce partial dehydration and promote membrane stability. In fact, the two basic tenets of cryopreservation technology are that survival depends on the inclusion of appropriate cryoprotectants and on the initiation of extracellular freezing to promote cellular dehydration (7) . In nature, similar procThis article forms contribution No. 31493 of the National Research Council of Canada.
MATERIALS AND METHODS
Calli used in this study were derived from two semi-dwarf spring wheat (Triticum aestivum L.) sources, cv HY320 and breeding line SWP9302. Plants were grown in "Redi-earth" growth medium (W. R. Grace) periodically supplemented with (NPK 14:14:14) soluble fertilizer, under a 16-h photoperiod (260 ,gE/m2s), 65% relative humidity and 25°C/20°C day/night temperature. Inflorescences were tagged at the onset of anthesis and whole spikes were harvested 10 to 14 d postanthesis. For callus induction, kernels from each source (HY320 and SWP9302 plants) were surface-sterilized before aseptic immature embryo dissection and cultured as described earlier (1 1) . The callus induction medium contained MS (9) macro and micro salts and vitamins, 2 Lipids from 1 g of callus were extracted into 10 mL of chloroform:methanol (2:1) containing heptadecanoic acid (17:0, 1.0 jAmol) and cholestane (1.0 umol) as internal standards. Fatty acid and sterol species in the extract were derivitized and quantified as described previously (8 
Energy Status
Callus (0.2 g) was homogenized to a fine powder by grinding in LN2. Adenine nucleotides were extracted with cold perchloric acid as described by Perras and Sarhan (10) . ATP was measured using the luciferase assay according to St. John ( 14) . For ADP and AMP measurements, the extracts were incubated with pyruvate kinase and myokinase (Sigma) before assay. AEC was determined from the measurement of ATP, ADP, and AMP using the equation: AEC = (ATP + 0.5 ADP)/(ATP + ADP + AMP) (13) .
Differential Thermal Analysis of Callus
The initial cooling (to -35°C) for cryoselection and survival studies was carried out in the programmable CryoMed freezer as described earlier. Freezing exotherms were detected by differential thermal analysis of individual callus pieces (approximately 0.1 g). Samples were mounted on a nine-plex manifold equipped with individual thermocouple (CopperConstantan) sensors for relative and absolute temperature. The manifold with its companion block was housed in a Planar R232 programmable cooler. Cooling at 0.03, 1, and 10°C/min was achieved with controlled flow, cold (approximately -1 80°C) N2 gas and was strictly linear over the temperature range -2°to -30°C. Data, collected at 2-s intervals, typically indicated one major exotherm with trailing shoulders. The ice nucleation temperature refers to the onset of the major peak.
Screening for Freezing Tolerance in Regenerated (R2) Plants Calli were transferred to regeneration medium (MS without 2,4-D) for shoot and root formation. Rooted plantlets, transferred to REDI-earth, were grown to maturity in a controlled environment room (25°C, 16 h photoperiod, 260 ,gE/m2 s).
Seeds collected from main tillers were sown in granite grit and grown as described above to the two-leaf stage (7 d) then transferred to an acclimation cabinet (1°C, 16-h photoperiod, 200 ttE/m2 s). After 3 weeks, the plants were trimmed to 2 cm, watered thoroughly, and placed in a programmable whole-plant freezing unit. Freezing took place during a 16-h incubation at -4°C, after which the plants were cooled at 2°C/h to -8°or -1 2C. Frozen plants were permitted to thaw in the dark at 2°C for 24 h. Survival was assessed on the basis of regrowth after 3 weeks and is expressed as percent.
RESULTS

Selection for LN2 Freezing Tolerance
Callus samples from SWP9302, HY320, and EV lines were subjected to selection under extremely rigorous freezing con- Characterization of a LN2 Freezing-Tolerant Line (FT-EV)
FT-EV was subjected to physical and biochemical analysis to determine if changes in these parameters correlated with freezing tolerance. In subsequent experiments, EV and FT-EV calli were exposed to a second round of LN2 freeze-thaw stress during which the effect of a range of cooling and warming rates on survival and regeneration was studied. In both lines, survival was promoted by faster cooling and warming rates (Table II) . FT-EV generally demonstrated better survival than EV, particularly under the slow warming regime. Optimum survival for EV required preimmersion freezing to -35C. Preimmersion freezing was not a requirement for FT-EV.
Regeneration was impaired in both lines by the LN2 freezing challenge (Table III) . Slower cooling rates (less than 2°C/min) were particularly damaging to regeneration in FT-EV, especially under the fast-thawing regime that enhanced survival. EV did not demonstrate a dependence upon cooling or warming rates for regeneration.
The cooling rate dependence exhibited by FT-EV was not due to significant change in the freezing initiation temperature (Table IV) . While some variability in temperature was noted at different cooling rates, EV and FI-EV froze at or near the same temperature at a given rate.
A summary of the data across both callus lines and all freezing and thawing regimes indicates that FT-EV is more capable of surviving a second exposure to the LN2 freezing challenge than EV and that survival, in general, is promoted by faster cooling rates during preimmersion freezing (Table V) .
Freezing tolerance is generally considered to be a latent trait, requiring a period of low temperature growth or hormone treatment to be expressed. However, cold acclimation only marginally altered the level of survival ofcallus subjected to LN2 freeze-thaw stress (Table VI) . A slight positive response was noticeable in EV after 1 week. Growth at 2°C for up to 2 weeks did not enhance survival after LN2 freezing stress in either the 9302 or the HY320 callus lines. The FT-EV line declined in hardiness during this period.
Although no significant changes in freezing point were recorded, several biochemical alterations were detected. Cold acclimation resulted in the accumulation of fatty acid, especially in FT-EV where levels doubled in 2 weeks at 2°C (Table  VII) . Interestingly, whereas 9302 and EV callus accumulated increasing amounts of polyunsaturated fatty acids during cold acclimation, the fatty acid composition of FT-EV was unaltered (Table VII) . FT-EV contained soluble sugar levels significantly higher than both EV and 9302 (Table VII) . In the cryoselected line, sugar concentrations declined during the first week of acclimation. Nonselected lines maintained or slightly increased their sugar reserve.
The cultures did not adapt equally well to growth at 2°C as judged by their cellular energy poise. When AEC was monitored, a significant decline in cellular energy levels in 9302 and EV callus lines was seen to occur after 1 week at 2°C (Table VII) . However, FT-EV energy levels were maintained for at least 2 weeks at 2°C (Table VII) . Taken together, the AEC and fatty acid data suggest that enzymatic freezing or temperature sensitivity, inherent in 9302 and EV callus lines, is reduced in FT-EV lines.
The protein composition of the EV and FT-EV lines were Samples were permitted to warm at room temperature. In this study, hardiness comparisons were made between selected and nonselected callus within a line as well as among several lines. Cold acclimation does not appear to be an important factor in hardening calli to LN2 freeze-thaw stress. HY320 and 9302 show no increase in hardiness to LN2 freezethaw stress with acclimation, whereas the hardiness increase in EV was just significant at the 95% level (Table VI) . This may indicate (not unexpectedly) that callus survival mechanisms differ at least in part from whole plant mechanisms. However, there remains the possibility that freezing tolerance was increased at some higher temperature range.
Exposure to 2°C did result in several biochemical changes. Lipid unsaturation increased during cold acclimation in nonselected callus, and ATP levels increased transiently in one of the nonselected callus lines (Table VII) . These changes did not take place in cryoselected callus, in which the only alterations recorded during cold acclimation were an increase in total fatty acid and a decline in soluble carbohydrate. It would Cryoselected callus (FT-EV) expressed several unique membrane and soluble proteins. Undoubtedly, many of these proteins are unrelated to the hardiness of the line. However, Sarhan and Perras (13) reported the accumulation of a 200-kD protein during hardening of winter wheat. It is interesting that several relatively large proteins were uniquely associated with FT-EV.
The cryoselected lines grew as compact, nodular calli. These lines contained a large number of visibly desiccated structures that, when subcultured, produced slower growing but highly embryogenic callus. These observations lead us to speculate that cryoselection has provided a callus rich in embryoidal structures. These structures share some of the properties of zygotic embryos including the ability to survive ultra-low temperature and freeze-induced desiccation. The freezing tolerance exhibited by the cryoselected callus was maintained through serial subculture and was transmitted to the seed progeny of regenerated plants (Table VIII) . Thus, in vitro cryoselection has not merely isolated a tolerant growth form ofcallus. Rather, it appears that the protocol has allowed us to select highly freezing-tolerant genetic variants from a heterogeneous population.
Plants regenerated from cryoselected callus demonstrated improved freezing tolerance but to a lesser degree than the callus itself. It therefore seems likely that cryoselection has removed only one of the barriers to achieving cold hardiness. Other factors that operate at the tissue or organ level will require modification to impart winter-like hardiness to spring wheats.
At the present time, the cryoselection protocol is being tested on several systems to determine its potential as a breeding tool.
